Speciation of lipids and humus-like colloidal compounds in a forest soil reclaimed with municipal solid waste compost
The progressive transformations of lipid and humus-like fractions in soil after massive input (400 Mg ha -1 ) of urban waste have been studied during an 87-week experiment in field plots of a degraded Calcic Regosol in Central Spain.
Structural changes in the macromolecular fractions were small when compared with the qualitative and quantitative changes in lipid composition. The intense depletion of the lipid fraction with time and the decrease of the humic acid to fulvic acid ratio were the most significant quantitative indices of the compost transformation in soil. Changes in soil lipid fractions were especially noted in relation to their speciation status and distribution patterns (carbon preference index and relative chain length). Three subfractions were considered: (I) direct extraction with petroleum ether, (II) liquid-liquid extraction after soil treatment with 2 M H 3 PO 4 and (III) after soil treatment with 0.1 M NaOH.
Although lipid concentration tends to decrease with time, lipids in the fraction tightly bonded to soil (III) remained qualitatively and quantitatively constant in the course of the field experiment. Gas chromatographic-mass spectrometric analyses showed that the more stable the association of lipid to the soil matrix, the fewer the changes observed in the distribution pattern of the fatty acids during the progressive transformation stages.
Introduction
One of the more suitable applications of organic urban wastes is the use as soil conditioner either in agricultural soils destined for non-alimentary crops or in semi-arid sites to be subjected to reforestation practices. In fact, the application of high doses of organic matter in degraded soils is the only way to ensure the immediate increase in the water-holding capacity required for plant survival during the early critical months of their development.
The invasive restoration practices required to reclaim extremely degraded soils may have some undesirable, often climate-dependent, side-effects such as the phytotoxicity of immature composts or the release of leachates containing organic and inorganic pollutants. For these reasons, progressive monitoring of field plots is required to check the stability of the soil system throughout the different seasons. In addition to this, some controversy exists on whether the compost added to soil will turn into humified substances such as humic acids (HA) and fulvic acids (FA) or, on the contrary, it will rapidly mineralize into CO 2 and H 2 O with no durable improvement of soil physicochemical properties (Miller 1974 , Terry et al. 1979 . To all appearances, the fate of compost in soils may vary largely depending not only on climatic constraints but also on soil mineralogy. Then, generalizations are not possible, and site-specific studies are required in order to understand the behaviour of composts mainly in extreme conditions where soil does not support spontaneous vegetation during the major part of the year.
In the short term, the transformation of urban compost added to soil is not expected to lead to the formation of recalcitrant macromolecular material similar to humic substances (González-Vila et al. 1999) . Several studies have evidenced that the early humification stages of predominantly lignocellulosic substrates are characterized mainly by a nonselective biodegradation of the major organic fractions, accumulation of microbial products and changes in the speciation status of reactive constituents such as lipid, colloidal carbohydrate and nitrogen compounds (Kögel-Knabner & Hatcher 1989 , Preston 1996 , Almendros et al. 2000 . For these reasons, one valid strategy for monitoring the changes of the soil organic matter in short-term experiments (about 2 years) should be based on the qualitative dynamics of compost organic fractions, as well as on the progressive speciation into forms of different chemical stability and biodegradability. This analytical approach makes it possible to distinguish plant-inherited compounds from microbially synthesized ones, since both generally occur in different soil microcompartments. On the other hand, they cannot be monitored by routine determinations where concentrations of the different soil constituents are studied as a whole (Almendros et al. 1998) .
In consideration of the points mentioned above, the present paper focuses on identifying some chemical indicators that could be responsive for the progressive transformation stages of the municipal solid waste (MSW) applied to soil. The experiment was conducted for 87 weeks in degraded plots reforested with seedlings of Mediterranean forest and shrub species.
Material and methods

Experimental plots
The dominant soil formations at the experimental site located in south-eastern Madrid (Central Spain, Continental Mediterranean climate) consist of intergrades between Calcic Leptosols and Calcic Regosols (FAO 1979) developed on gypsic calcareous colluvial materials. The area of about 5 ha where the reforestation experiment has been carried out was selected as an extreme situation suitable of reforestation after soil reclamation through compost application (Román et al. 2003) . Originally, the soil presented a negligible amount of organic matter (0.95 g kg -1 in the fine earth fraction) with a large quantity (about 40% wt of the whole soil substrate) of coarse (up to 15 cm) gypsum crystals. The main analytical characteristics of the original soil are summarized in Table 1 .
Solid urban waste used in the experiment A 3-month old compost coming from the MSW processing station at Valdemingómez (Madrid) was used as organic amendment. This organic substrate was obtained by means of a continuous industrial process based on the flow of urban waste through successive separation devices such as magnets, fans, hot rotary cylinders and flotation pools enabling the sequential separation of ferromagnetic, glass, plastic, paper, paperboard and inert wastes. Windrows of MSWderived organic fraction were subjected to a 3-month aerobic stabilization via periodic mechanical turning. The main analytical characteristics of the resulting compost are shown in Table 1 .
Reforestation field experiment and soil sampling
The 50 m × 10 m experimental plot had a slope of 5% along its longer side (N-S). A single application of 20 000 kg compost (400 Mg ha -1 ) was spread over the plot and the topsoil was then homogenized using a disk harrow. Three cross-harrowings were repeated in order to reach optimum homogene- 
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ity in the first 30 cm of the soil profile. Four weeks after compost application, the plot was revegetated with seedlings of Aleppo pine (Pinus halepensis Mill.), lentisk (Pistacia lentiscus L.), santolina (Santolina chamaecyparissus L.), Spanish broom (Spartium junceum L.) and Kermes oak (Quercus coccifera L.). At 30, 54 and 87 weeks, respectively, after the compost application, a total of six sampling points were randomly selected in the profile between 0 and 0.2 m. Undisturbed soil cores were taken with a 70-mm diameter × 40-mm height cylindrical probe. The physical and chemical characteristics of the soil were determined in all samples, whereas for the organic matter study the spatial replications were mixed to obtain two replications of each. Samples were air-dried, homogenized to 2 mm and stored in closed flasks until they were analysed simultaneously after the final 87-week sampling.
Analytical determinations
Soil bulk density, saturated hydraulic conductivity (constanthead permeameter) and soil water content at -1, -10, -33 and -1500 kPa were determined in the control samples with a Richards pressure-membrane extractor (Edward 1991, Reeve and Carter 1991) .
Chemical analyses included quantification of organic carbon, total N (Kjeldahl digestion), available mineral nutrients (Lakanen and Ervio 1971) and heavy metals. Quantitative determinations of these elements were carried out by either flame emission spectroscopy (Na, K), atomic absorption spectroscopy (Ca, Mg), or inductively coupled plasma spectroscopy (Fe, Zn, Mn, Cu, Al). The determination of available P was carried out by the Bray and Kurtz (1945) method.
Data regarding differences among independent determinations were expressed in terms of standard deviations within spatial replications.
Lipid extraction
Soil free lipids were extracted with petroleum ether (40-60°C) in 250-mL Soxhlet extractors loaded with 50 g of soil; the extraction phase was renewed every 12 h. The total extract was dehydrated with anhydrous Na 2 SO 4 , evaporated under reduced pressure to approximately 50 mL, dried under N 2 stream at room temperature (20-25°C), and finally weighed. For gas chromatographic analyses, lipid samples were methylated with trimethylsilyldiazomethane (Aoyama and Shioiri 1990) . Free lipid compounds (Lipid I, Fig. 1 ) were separated and identified by gas chromatography-mass spectrometry (GC/MS) using a Hewlett-Packard 5890 gas chromatograph connected to a 5971 mass detector (electron impact, 70 eV) equipped with a 25 m × 0.22 mm internal diameter, cross-linked OV-1 column. Helium flow was adjusted to 1 mL min -1 . The oven temperature was programmed during the chromatographic run from 70°C to 220°C (rate = 4°C min -1 ).
The identity of the compounds was assessed by comparing their mass spectra with either those in the Wiley (1986) spectral database or those of standard compounds.
Humus-like soil organic fractions
The soil organic fractions were separated and quantitatively analysed according to the procedures described by Dabin (1971) and Duchaufour and Jacquin (1975) . A simplified scheme of the fractionation protocol is shown in Fig. 1 . Briefly, after removal of soil free lipids, the residue (Residue I) was fractionated by the separation of the particulate portion of non-decomposed organic remains (free organic matter) through flotation in 2 M H 3 PO 4 . The yellowish extract (Soluble extract I) obtained consisted of a phosphoric acidremoved FA fraction referred to as FAP, to be distinguished from the FA fraction isolated through alkaline extraction of the soil. Then, the soil Residue II was sequentially extracted five times with 0.1 M Na 4 P 2 O 7 and 0.1 M NaOH by volume. An aliquot of the total humic extract (Soluble extract II) was precipitated with H 2 SO 4 (1 : 1) and used for quantitative determination of both the acid-soluble FA and the acidinsoluble HA fractions. The remaining Soluble extract II was precipitated with HCl 1 : 1 by volume for the preparative separation of HA and FA.
The HA (dark brown precipitate) was purified de-ashed with 1 M HCl-HF at room temperature, re-dissolved in 0.5 M NaOH and centrifuged at 43 500 g to remove mineral colloids. The surnatant (Surnatant solution, Fig. 1 ) containing the HA as a sodium salt was re-precipitated with HCl and dialysed in cellophane bags until total removal of the chlorides (AgNO 3 test) added for extraction. The FA fraction was concentrated at reduced pressure and centrifuged at 43 500 g and dialysed as above. Both purified HA and FA preparations were finally freeze-dried and kept for further chemical characterization.
Soil-retained lipid fractions
Apart from the free lipid fraction (Lipid I) extracted from the whole soil sample with petroleum ether, two quantitatively significant additional components were separated during the above-described fractionation of humus-like substances ( Fig. 1) . Thus, the former acid extract (Soluble extract I) with the FAP, obtained in the course of the separation of the free organic matter, was processed in a liquid-liquid extractor with 40-60°C petroleum ether. The organic phase was dehydrated with anhydrous Na 2 SO 4 , concentrated at reduced pressure and finally left to total evaporation in a 5 mL vial where it was methylated (Lipid II) as described for the free soil lipid (Lipid I). The yellowish Surnatant solution ( Fig. 1) , separated after centrifuging the acidified Soluble extract II to obtain the HA fraction (i.e., the soil fraction containing the organic matter removed by 0.1 M NaOH treatment), was also processed in the same way to obtain Lipid III.
In short, the three lipid fractions separated by the sequential procedure are referred to as Lipid I (free, original extraction), Lipid II (acid pretreatment) and Lipid III (alkaline treatment after acid pretreatment). It was assumed that because of the progressive cleavage of physical or chemical links with different effectiveness, these successively extracted 
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lipid fractions were associated to soil by interactions of increasing strength, for example, ranging from physical interactions, formation of organomineral adducts, ester linkages of increasing stability, etc. To some extent, this speciation pattern could be related to the stability and mean residence time of lipid in soil, which could be reflected in the leachability and selective biodegradation processes.
Characteristics of the humus-like substances
To determine the optical density of the HAs, frequently associated to the stability and aromaticity of humic substances (Traina et al. 1990 ), visible spectra were acquired from solutions of 200 mg L -1 in 0.02 M NaHCO 3 (Kononova 1961) . From these solutions, the E 4 /E 6 ratio was also determined. This parameter varies according to the polydispersity of the humic substances, the lower the E 4 /E 6 ratio the higher the molecular size (Chen et al. 1977) .
Infrared (IR) spectra were obtained from KBr pellets with a 2 mg sample, using a Bruker IFS28 Fourier-transform spectrophotometer. The spectra were subjected to a digital procedure for resolution enhancement based on the subtraction of the raw spectrum from a positive multiple of its second derivative (Rosenfeld and Kak 1982, Almendros and Sanz 1992) . Peak intensities in the original spectra were also tabulated after dividing their absorption values by that corresponding to the band at 1510 cm -1 , generally assigned to aromatic skeletal vibrations (Dupuis and Jambu 1969) . Table 1 shows the dynamics of the analytical characteristics of the compost-amended soil. A positive significant increase in soil water content and in saturated hydraulic conductivity and a decrease in bulk density were observed after compost addition. Although these improvements may diminish to some extent during the course of the field experiment, the values after 87 weeks were still significantly higher than those in the original soil. The total amount of soil carbon showed small significant changes with time, suggesting modest continuous mineralization during the experiment, as was predicted for a semi-arid environment. The C/N ratio showed a tendency to decrease, as expected in a progressive humification process. It is worth pointing out that the concentration of available elements also remained quite stable, indicating no substantial losses by leaching or plant uptake during the whole experiment, with the exception of alkaline ions, which showed some significant decrease at 87 weeks after compost application.
Results
It is likely that due to the previous sorting of the raw material at the MSW processing station, no large concentration of toxic heavy metals was observed in the final product, with Cu and Zn being the sole elements present in concentrations to be taken into account. Nevertheless, no phytotoxic response was observed in the seedlings during the whole experiment, this being mainly due to the compost pH. Concentrations of Zn and Cu in soil showed some significant decrease after 77 days, reaching in these later stages a value similar to that at zero time. These differences were partially attributed to soil hydrophobicity after compost amendment, which would affect the exchange properties of the inner surfaces of soil aggregates (Román et al. 2003) .
The quantitative composition of the organic matter (Table 2) showed a large concentration of lipids, which is characteristic of urban wastes (Almendros et al. 1990 , González-Vila et al. 1999 ) and a small proportion of nondecomposed particulate humus fraction (free organic matter). There was also a substantial amount of colloidal fractions with low molecular weight (FAP and FA). The changes with time were not significant in the case of the free organic matter; on the other hand, a progressive decrease in the concentration of HA was observed. The amount of FAP (presumably representing the organic matter fraction with higher potential leachability) decreased to some extent within the final stages of the experiment. Nevertheless a progressive increase in the concentration of the FA fraction was noted, which could in part be interpreted as an effect of biodegradation of more complex macromolecular structures within the compost, namely the HA-like colloidal fraction. In fact, the net decrease in the HA/FA ratio was a significant index of the progressive transformation of compost in the soil.
Significant changes were also observed either in the total amount or the relative concentration of different lipid frac- tions ( Table 2 ). The progressive decrease in the amount of total lipids may be explained by their microbial transformation; it is however likely that they might condense into higher molecular weight structures or even become incorporated into the mineral matrix. Actually, the changes with time indicate that lipids associated through mechanisms of relatively low stability (Lipid I and especially Lipid II) tended to decrease, whereas the portion extracted with alkaline treatment (Lipid III) remained stable during the experiment.
Characteristics of the humic acid-like fractions
The spectroscopic characteristics in the visible range of the HA-like fraction (Table 3) suggested no tendency for an intense maturation of HA in soil. The relatively low E 4 extinction value may indicate a dominance of aliphatic constituents in this soil fraction. The fact that E 4 tends to decrease indicates that the amount of these aliphatic constituents remained high over the course of time, as a possible effect of the incorporation of lipids in the HA fraction. In addition, the rapid decrease in the E 4 /E 6 extinction ratio is indicative of improved molecular complexity, which in this case could probably be compatible with an association with alkyl structures (Chen et al. 1977) . IR spectroscopy analyses (Fig. 2) showed very little variations with time. In general, spectra showed broad bands resembling those of lignocellulosic materials, with dominant 
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bands for aliphatic constituents such as alkyl structures (2920, 1460 cm -1 ) and carbohydrates (1030 cm -1 ). Aromatic groups were only revealed after resolution enhancement (Fig. 2) (1510, 1620 cm -1 peaks) with a typical lignin pattern consisting of bands centered at 1510, 1460 and 1420 cm -1 , which are present in both HA and FA fractions. As a whole, the IR spectrum of the FAP fraction resembles that of a carbohydrate, its spectral profile remaining unchanged in the course of the 87-week experiment, whereas the spectra of the FA fraction suggested the coexistence of carbohydrates in low content (1030 cm -1 ) and additional protein (amide bands at 1650 and 1550 cm -1 ). The HA fraction, with a spectral profile suggesting lignoprotein components typical of composted materials (Jenkinson and Tinsley 1959) , showed negligible changes in the intensity of the different absorption bands. These measurements are summarized in Table 3 as relative optical intensities (referred to the intensity of the aromatic ring vibration at 1510 cm -1 ). A tendency to higher oxidation (1720 cm -1 and, to a lesser extent, 1230 cm -1 ) with no significant changes in aromaticity (2920/ 1510 cm -1 ratio) has been revealed.
Analysis of the lipid fractions
Fatty acids
The free fraction (Lipid I, Fig. 3 ) in the sample taken after 30 weeks, containing up to 40% fatty acids (chromatographically determined as volatile compounds, Table 4 ), showed a dominance of fatty acids with even number of C atoms and a relatively low molecular weight (mainly C 12 , C 16 and C 18 ). This fraction also contained fatty acids > C 20 (maximum at C 24 ), which are frequently interpreted as derived from epicuticular waxes of higher plants (Simoneit and Mazurek 1982) . After 87 weeks of transformation, the fatty acid content decreased to approximately 25% of the total lipid. Their patterns changed showing the accumulation of high-molecular weight fatty acids. The bimodal fatty acid distribution series with C 18 and C 24 as major acids point to their dual origin, with a selective concentration of plant-derived acids (> C 20 ), while the relatively short-chain acids (lauric, palmitic, stearic) are probably condensed into the soil matrix, or subjected to selective biodegradation, or both (Moucawi et al. 1981) .
The distribution patterns of the fractions released after acid pretreatment (Lipid II) showed a dominance of the C 16 and C 18 acids, as well as higher stability than the free Lipid I. There was some tendency to a simplification of the homologue series in the course of time (Fig. 3) , which agreed with the relative quantitative values (Table 4) , pointing to no substantial changes with time and a more or less constant value about 43%.
The fatty acids removed after the final alkaline treatment (Lipid III) showed a small proportion of the homologues > C 20 , which could correspond to lipids associated through comparatively weak mechanisms. This could suggest the association of these lipid molecules in compact macromolecular structures that would explain the fact that the homologue series remain practically unchanged along the whole experiment, the fatty acids also amounting more than 70% of the total lipid throughout the 87-week of experiment.
Alkanes
In general, the distribution pattern of alkanes (Fig. 4) displays comparatively small variations. This fact would correspond to the low reactivity of these compounds and a comparatively lower number of mechanisms to associate to the soil matrix. The quantitative values (Table 4 ) indicated that whereas alkanes in Lipid I and II dominated at the final stages of the field experiment, those in strongly bonded forms (Lipid III) were more abundant in the early stages after the application of compost to the soil.
Other alkyl compounds
As in the case of the preceding alkyl series, the amounts of alcohols (up to 22% in the Lipid I fraction) showed the major changes in this free fraction. The distribution patterns in Lipid I and II fractions (not shown) consisted of C 12 -C 24 homologues with clear even-to-odd carbon preference index (Table 4 ). Finally, a narrow series of α,ω-alkanoic diacids (C 9 -C 18 ) occur in all lipid fractions, mainly Lipid II, the relatively short chain of which suggests their origin as secondary breakdown compounds from esters and unsaturated fatty acids.
Discussion
The structural changes in the urban waste-derived macromolecular fractions after 87 weeks of transformation in field conditions were small when compared with the qualitative and quantitative changes in the lipid composition. This could be in part attributed to climatic conditions in semiarid soils, including an extended dry season, which limited the effective period of biological transformation. However, during this hot, dry summer season it is possible that alternative abiotic processes take place. In fact, the fixation of several reactive aliphatic compost fractions to the soil matrix has probably occurred as a consequence of soil desiccation and could to some extent be reflected in the preservation of 
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the chemical composition of the organic matter in the course of the experiment (Román et al. 2003) . Concerning the routine laboratory parameters, the significant decrease with time of either the lipid fraction and the HA/FA ratio were the most significant quantitative indices of compost transformation in soil and could be interpreted as a preferential biodegradation of aliphatic, low molecular weight fractions. Nevertheless, the alterations in the chemical structure of the colloidal fractions (HA and FA) after 87 weeks from the application of compost to the soil were small. Thus, the IR spectra show the stability of the carbohydrate moiety in the FA substances, whereas in the HA-like fraction a very weak tendency to decreased aromaticity and oxidation was observed.
As far as molecular composition of the lipid fractions is concerned, no evidence of intense microbial synthesis was observed in the course of the experiment (e.g., no significant occurrence of signature fungal or microbial fatty acids). This may indicate the contribution of selective degradation and/ or alterations in the speciation status of pre-existing compost-inherited lipids. It is worth noting that the amount of fatty acids released after mild acid or alkaline treatments were, as a whole, more than twofold those in the directly extractable forms. Nevertheless, quantitative or qualitative trends with time are reflected mainly by the free fraction (Lipid I) whose amount shows a clear tendency to decrease with time. This points to the above-suggested trend towards the progressive fixation of these fatty acids to the most stable insoluble soil fractions. In fact, fatty acids have reactive carboxyl groups conferring on them the possibility either to be attached as esters or to form different types of organo-mineral adducts. On the other hand, alkanes can only associate to the soil matrix through physical interactions. In some cases, such interactions can be especially effective (Khan and Schnitzer 1972) , including processes often referred to as physical entrapping, molecular encapsulation or solid solution (Wershaw et al. 1977) . From this viewpoint, it is more likely that the alkane distribution patterns depend to a greater extent on the three-dimensional macromolecular features of the soil organic matrix. In fact, whereas the series of free alkanes showed a wide (C 10 -C 31 ) range with maximum at C 25 , the distribution of the alkanes associated with the FAP (mainly C 16 -C 31 ) and with the HA (mainly C 15 -C 27 ) fractions, could be reflecting the more or less 'open' three-dimensional structure of the humus-like fractions. From this perspective, a comparatively more compact or cross-linked matrix would be reflected by a selective entrapment of the lowest MW alkanes as suggested in Fig. 4 (Lipid II versus Lipid III).
The aromaticity of the humic-like substances does not increase during the time as might be expected for growing maturity of humic substances in soil. Consequently it is postulated that such an effective continuous process of incorporating alkyl compounds to the compost-derived humic-like substances in semi-arid environments seems to be the most important mechanism responsible for the intense aliphatic character of these latter humic compounds. This probably compensates the effect of their selective biodegradation.
Conclusions
The durable effect of compost on soil properties depends to a large extent on both specific climatic conditions in continental semi-arid environments and the initial compost maturity. In fact, after 87 weeks of evolution of the compost in the soil, there were no important changes in those organic fractions most effectively fixed with the soil (humic-like macromolecular fractions in addition to soil lipids tightly associated with the soil matrix).
Conversely, the most readily extractable and low molecular weight fractions of the compost-amended soil were a source of valuable analytical descriptors for monitoring the short-term evolution of the soil organic matter: there was a simultaneous decrease in the relative concentration of free lipids (Lipid I) and an increase in the concentration of FA.
In terms of time, the amounts of fatty acids in free forms (Lipid I) decreased whereas fatty acids > C 20 accumulated. With respect to their progressive association into more stable forms (Lipid I → Lipid III), a simplification in the distribution patterns of the fatty acids was observed: in the saponifiable fraction (Lipid III) the palmitic and stearic acids became the only major compounds.
Although the combined amount of fatty acids removed from the compost-treated soil by H 3 PO 4 and NaOH treatments (Lipid II and III) is about three-fold that of the free fraction (Lipid I), only the latter was found useful for monitoring changes with time in the system under study, in terms of both its total amount and distribution patterns.
